Dichloroacetamide (DCAcAm), a disinfection byproduct, has been detected in drinking 22
Introduction
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Haloacetamides (HAcAms) are an emerging class of halogenated nitrogenous disinfection 40 byproducts (N-DBPs), which have been widely detected at low µg/L levels in drinking 41 water. [1] [2] [3] [4] They have been reported to be highly cytotoxic and genotoxic in mammalian cell 42 assays compared to other known DBPs (142× more cytotoxic and 12× more genotoxic 43 than regulated haloacetic acids [HAAs] ). 5, 6 This elevated toxicity for 44 monochloroacetamide (MCAcAm), dichloroacetamide (DCAcAm), and trichloroacetamide 45 (TCAcAm) was also observed in recent studies based on metabonomics.
7-10 DCAcAm is 46 the most abundant HAcAm species formed in waters that are low in bromide, 1, 6, 10 and it 47 has been commonly used as a representative HAcAm in previous DBP formation 48 studies.
2,11-16 Understanding DCAcAm formation provides valuable information towards 49 controlling the formation of HAcAms more broadly. Furthermore, previous studies have 50 demonstrated that dissolved organic nitrogen (DON) in source waters, originating from 51 microbial metabolism, algal blooms, and municipal wastewater, contributed to DCAcAm 52 formation during chlorination, [12] [13] [14] [15] [16] where the nitrogen in the DCAcAm molecule principally 53 originated from biomolecule precursors (e.g., amino acids). Free and combined amino 54 acids have been detected in drinking water at µg/L levels. 11,17 Also, studies have indicated 55 that DCAcAm can form by multiple reactions, such as the hydrolysis of dichloroacetonitrile 56 (DCAN), 12 but also from other pathways that are independent of DCAN. 13 However, the 57 most important precursors are still unclear. 58
Antibiotic contamination of water supplies has become a world-wide environmental 59 problem and antibiotics are now widespread in many aquatic environments 18 due to their 60 intensive use in the treatment of bacterial infections in humans, animals, and for 61 5 agricultural purposes 19, 20 Chloramphenicols (CAPs), including chloramphenicol (CAP), 62 thiamphenicol (TAP), and florfenicol (FF), are one class of broad-spectrum antibiotics in 63 widespread use. Due to their potential deleterious effects on human health, TAP and FF 64 are more commonly used as alternatives to CAP for animal treatment. However, CAP is 65 still widely used in livestock aquaculture as feed additives to control outbreaks of 66 disease 21 . Previous studies have indicated that CAPs are stable and difficult to be 67 metabolized after intake 22 and are ineffectively removed by wastewater treatment plants 68
(WWTP) that apply conventional treatment processes. 23, 24 Therefore, CAPs eventually 69 reach surface waters that may be used as inputs to drinking water treatment plants. 25, 26 In 70
China, CAP concentrations in two source waters, Pearl River 27 and Huangpu River 28 , were 71 (2) Chlorination using authentic water matrices. For chlorination experiments using 112 authentic water matrices, three CAPs at the designated concentrations (30, 60, 300, 600, 113 900, 1200 nM) were spiked (up to these levels) with a mixture of CAP, TAP, and FF (each 114 CAP accounted for a third of the total concentration of the three spiked CAPs) into three 115 water samples (A, B, C in Table S1 ) in 500-mL brown glass volumetric flasks, which were 116 collected after coagulation, sedimentation, and filtration from three Chinese drinking water 117 treatment plants (DWTPs). The raw waters of DWTPs 'A' and 'B' had a high and low 118 specific UV absorbance at 254 nm (SUVA 254 ), respectively. In addition, DWTP 'C', 119 characterized by high DON, was also selected for the study. These DWTPs were selected 120 because of expected differences in their natural organic matter (NOM) characteristics, 121 which allowed evaluation of the effect of NOM on DCAcAm formation from CAPs. 122 Additionally,  considering  CAPs  have  higher  concentrations  in  heavily  123 wastewater-impacted watersheds, two heavily wastewater-impacted natural waters (D 124 and E in Table S1 ) and two secondary effluents (F and G in Table S1 ) from wastewater 125 treatment plants (WWTPs) were also collected. Waters D, E, F, and G were also spiked 126 with a mixture of CAP, TAP, and FF up to 300, 600, 900, and 1200 nM (each CAP 127 accounted for a third of the total concentration of the three spiked CAPs; Water G was not 128 8 spiked at 300 nM because the actual concentration of the three CAPs was close to 300 129 nM). The characteristics of these selected waters are summarized in Table S1 . The 130 concentrations of the three CAPs shown in Table S1 are their background levels in waters. 131
These samples (A-G) were filtered with 0.45 μm membranes (mixed cellulose esters, 132
Merck Millipore Corp., German) to remove particles. Analyses of these waters did not 133
show any detectable HAcAm background levels. To examine the formation of DCAcAm in 134 these selected samples, sufficient chlorine was dosed into the glass volumetric flasks to 135 provide the desired 24-h chlorine residual of 1.0 ± 0.5 mg-Cl 2 /L in a single dose, based in 136 part on the Uniform Formation Conditions method developed by Summers et al.
32
. The 137 chlorine dose was sufficient to breakout the raw-water ammonia and to meet the desired 138 residual. The sample pH was adjusted to 7.3 ± 0.3 by addition of H 2 SO 4 or NaOH in 139 phosphate buffered samples, because higher HAcAm formation potential could be 140 achieved at this pH level. 33 At the end of the experiment, the chlorine residual was 141 quenched with a stoichiometric amount of ascorbic acid and was analyzed as soon as 142 formation from CAPs, the selected three filtered waters (A, B, and C in Table S1 ) were 145 fractionated using two ultrafiltration (UF) membranes (YM100 and YM1, Merck Millipore 146
Corp., Germany) with MW cut-offs of 100k and 1k Da, respectively. The fractionation 147 experiment was conducted in a 400-mL stirred cell (Amicon 8400, Merck Millipore Corp., 148
Germany) under a constant nitrogen gas pressure of 0.1 MPa. Prior to the experiments, 149 ultrapure water was filtered through the membranes to remove any possible leached 150 9 organic matter until the DOC of the effluent was less than 0.1 mg-C/L. After UF separation, 151 the filtrates with MW ranges of <100k and <1k Da were analyzed for their organic content 152 (e.g., DOC, DON) and tested for DCAcAm formation during chlorination. It was expected 153 that the background CAPs went through the two UF membranes due to the lower MW 154 (<400 Da) of the three CAPs. After the UF separation, the filtrates were spiked with CAPs 155 up to 30, 60, 300, 600, 900, and 1200 nM (each CAP accounted for a third of the total 156 concentration of the three spiked CAPs). Details on the UF procedure are available 157 elsewhere 34 and in SI Figure S2 . 158 
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As shown in Figure 1 , regardless of short or long contact time at different chlorine 204 doses, boc-Tyr and boc-Asn exhibited the lowest DCAcAm yields, probably because the 205 protection of the amino group in boc-Tyr and boc-Asn restrained the formation of organic 206 chloramines by initial substitution, which is the first step in the formation of N-DBPs, 42 as 207 shown in SI Scheme S1.
14,36,37 There was a substantial difference in DCAcAm yield 208 between Asn and Boc-Asn, whereas the difference in yield between Tyr and Boc-Tyr was 209 not that large, as the yield from Tyr in its free form was relatively low compared to the 210 other model compounds. Notably, in natural waters, there is substantially more of the 211 combined amino acid than the free form, which will change the relative significance of 212 each in terms of DCAcAm yield (e.g., combined Tyr may contribute more DCAcAm than 213 free Tyr, whereas free Asn may contribute more than combined Asn, based on the , and 221 over-abundant chlorine will catalyze the hydrolysis of the formed DCAcAm. 43 There is a 222 higher chlorine demand for free Tyr (approx. 13 mol Cl 2 /mol Tyr) 41 than for free Asn (6 mol 223
Cl 2 /mol Asn), due to the reactivity of the Tyr phenoxy group. 44 Therefore, Tyr and Asn 224 Notably, in plants that pre-chlorinate and post-chloraminate, they may form DCAcAm 238 during the pre-disinfection step but may not destroy it during distribution. However, 239
DCAcAm can undergo base-catalyzed hydrolysis in the distribution system if the pH is 240 sufficiently high (pH > 8) 43 .
241
After 3 h of chlorination reaction time (Figure 1a) , Asn showed the highest DCAcAm 242 yields followed by the three CAPs and, to a much lesser extent, Tyr, boc-Tyr, and boc-Asn. respectively). This suggests that bromide had less of a contribution to the differences in 332 the observed DCAcAm formation profiles. It should be also noted that 333 bromochloroacetamide was the most abundant species among all six bromine-containing 334
HAcAms formed in all selected authentic waters, and only a little BCAcAm was detected 335 in DWTP 'C' water. When bromide (150 g/L) was spiked into the DWTP 'C' water, the 336 total concentrations of bromine-containing HAcAms increased from 135 ng/L to 925 ng/L 337 (e.g., from 135 and 0 ng/L to 379 and 134 ng/L for bromochloro-and dibromo-acetamide, 338 respectively), which is consistent with a recent study which reported the formation of all 339 nine chlorine-and bromine-containing HAcAms from 7 authentic waters having a range of 340 SUVA, DOC/DON and bromide levels 33, 36 . Also, iodide at g/L levels was considered to 341 not be relevant because a small number of iodide could be oxidized to iodate during 342 18 chlorination. [45] [46] [47] Therefore, the differences in DCAcAm yields were hypothesized to be 343 probably due to some aspect of the NOM, which is similar to what was suggested by 344 previous studies that found NOM may interact with pharmaceuticals and inhibit the 345 reaction to form N-nitrosodimethylamine 48 , meanwhile NOM itself can form NDMA. 49, 50 . 346
From Table S1, the three waters had similar DOC levels and the SUVA values of two of 347 the waters, which included water C, were similar. Certain specific NOM fractions or 348 moieties might be more relevant than would be indicated by simple bulk measurements of 349 (Table S2 ). The selected three waters were all 357 collected after coagulation, sedimentation, and filtration from the three DWTPs, where 358 particulates, colloids, and macromolecules were effectively removed by that point in the 359 treatment train (conventional treatment preferentially removes high-MW and humic NOM). 360
The levels of the inorganic compounds (e.g. bromide, ammonia) in the un-fractionated 361 and fractionated waters did not show substantial differences, as they should have readily 362 passed through the filters. 363
The formation of DCAcAm from the chlorination of the three selected waters that were 364 19 fractionated by the UF membrane with MW cut-offs of 1k Da is shown in Figure S6 . Just 365 like the un-fractionated waters, Figure S6 also showed a good linear relationship between 366 the formed DCAcAm concentration for all three fractionated waters and the spiked CAP 367 concentrations after 24 h chlorination. Note, the intercepts in Figure S6 were lower than 368 what was observed for the un-fractionated waters (Figure 3b ), indicating that a portion 369 (53%, 55%, and 46% for DWTP 'A', 'B', and 'C' waters, respectively) of the DCAcAm 370 precursors were of higher MW. In addition, the slopes (0.091, 0.083, and 0.081 for DWTP 371 'A', 'B', and 'C' waters, respectively) and the formation yields (9.1%, 8.3%, and 8.1% for A, 372 B, and C waters, respectively) of the formed DCAcAm from the three fractionated waters 373 (<1k Da) were more similar than those from the three un-fractionated waters (Figure 3b  374 versus Figure S6 ), and they were in close agreement with the findings from the 375 experiments in laboratory-grade water summarized in Figure 1 . This indicates that some 376 NOM in the MW range >1k Da not removed at the DWTPs likely played a role in causing 377 the different DCAcAm formation yields in the selected three waters. 378
The formation of DCAcAm from the chlorination of heavily wastewater-impacted 379 natural waters (D and E) and treated wastewaters (secondary effluent, F and G), 380 containing significant Levels of CAPs (Table S1 ), was also investigated. Figure 4a  381 presents the formation of DCAcAm after 24 h from the chlorination of D, E, F, and G 382 waters spiked with a mixture of CAP, TAP, and FF up to 300, 600, 900, and 1200 nM (each 383 CAP accounted for a third of the total concentration of the three spiked CAPs). However, 384
water G was not spiked at 300 nM because the actual concentration of the three CAPs 385 was close to 300 nM). The first point, surrounded by a dotted line in Figure 4a 
